The nanocomposites of cobalt selenide and nickel selenide (Co 0.85 Se/Ni 0.85 Se) were successfully fabricated on FTO glass by a facile co-electrodeposition method at ambient temperature. Nanocomposite films were used as electrocatalysts in dye-sensitized solar cell counter electrodes for regeneration of both iodide/triiodide and cobalt(II/III) redox couples. Co 0.85 Se/Ni 0.85 Se were mainly composed of nanoflakes and nanoparticles. It is noted that such nanostructure generated by nanoparticles embedded with 2D nanoflakes led to high active sites and was accessible to cobalt(II/III) electrolyte, delivering better catalytic activity for the reduction of larger volume cobalt(II/III). As a result, for cobalt(II/III) electrolyte, the Co 0.85 Se/Ni 0.85 Se based dye-sensitized solar cell performed significantly improved efficiency than that of Pt and Co 0.85 Se. Meanwhile, the Co 0.85 Se/Ni 0.85 Se based dye-sensitized solar cell held comparable energy conversion efficiency to that of Pt and Co 0.85 Se for iodide/triiodide electrolyte.
Introduction
Dye-sensitized solar cells (DSSCs), introduced by Grätzel and O'Regan in 1991, have attracted much attention due to low cost, ease of fabrication and comparable high efficiency. [1] [2] [3] [4] [5] [6] Typically, a DSSC consists of a dye-sensitized nanocrystalline TiO 2 semiconductor electrode, a counter electrode (CE), and an electrolyte containing a redox couple. The redox couple in the electrolyte regenerates the dye on photoanode back to ground state and is reduced at counter electrode. The open-circuit voltage (V oc ) of a dye-sensitized solar cell is defined as the absolute difference between the standard reduction potential of redox couple and the Fermi level of the TiO 2 photoelectrode. [7, 8] Therefore, the redox couples and the counter electrode materials are very important to minimize the energy losses and increase the V oc . To date, the I 3 − /I − redox electrolyte has been almost exclusively utilized in DSSCs. However, the I 3 − /I − redox electrolyte has several critical disadvantages such as the corrosion of copper/silver lines, visible light absorption and the complicated redox chemistry to cause great energy loss. [9] [10] [11] To overcome these limita-tions, new redox couples including TEMPO/TEM-PO ＋ , [12] TMTU/TMFDS 2 ＋ , [13] thiolate/disulfide, [14] ferrocene(0/ ＋ ), [15] copper(I/II), [16] [17] [18] and cobalt-(II/III) [19] [20] [21] [22] [23] [24] were explored. Recently, major progress has been achieved through the development of DSSCs based on electrolyte containing cobalt(II/III) redox couple, which afford record efficency of up to 12.3%. [24] Typically, the noble metal platinum is used as the counter electrodes in DSSCs. However, as a noble metal, platinum is scarce and expensive which may hinder the potential large scale applications. Therefore, it is highly imperative to explore low-cost, abundant, and highly efficient substitutes for the conventional Pt counter electrode in the DSSC system. In recent years, several kinds of fascinating materials such as carbonaceous materials, [5, [25] [26] [27] [28] conductive polymer [29, 30] and metal compounds (metal nitrides, [31] [32] [33] metal carbides, [34, 35] metal sulfides, [36] [37] [38] [39] metal selenides [40, 41] and metal telluride [42] ) were extensively investigated as counter electrodes for DSSCs. These substitutes showed comparable catalytic activity for I 3 − /I − . However, these substitutes are always not effective for improving the catalytic activity of CEs for DSSCs containing cobalt(II/III). This is because the volume of cobalt(II/III) complexes is larger than that of I 3 − /I − . It is difficult to access to catalytic active sites with smaller space volume for cobalt redox couples. Therefore, it is of great significance to further explore the catalytic activity by rational design and facile synthesis of nanostructured catalysts materials.
It is reported that metal selenides, due to their unique electronic configuration and comparatively high catalytic activity, presented superior catalytic activity for the triiodide reduction. Wang et al. [40] prepared metal selenides (Co 0.85 Se and Ni 0.85 Se) on conductive glass substrates through a hydrothermal method at high temperature in an autoclave and presented the highest PCE for I 3 − /I − with as-prepared metal selenides counter electrode. Cui et al. [41a] reported that nanostructured cobalt selenide with honeycomb-like morphology by a facile electrodeposition method exhibited superior catalytic activity for the triiodide reduction. To the best of our knowledge, no research on metal selenides for use in DSSCs for cobalt(III) reduction has been reported so far. In this paper, cobalt selenide/nickel selenide (Co 0.85 Se/ Ni 0.85 Se) nanocomposite films were designed to improve catalytic activity for cobalt(II/II) redox couples. Co 0.85 Se/Ni 0.85 Se nanocomposite films were fabricated on FTO substrate at ambient temperature by an coelectrodeposition method. It was demonstrated that Co 0.85 Se/Ni 0.85 Se nanocomposite films displayed comparable catalytic activity for the iodide/tiriodide redox couples with Co 0.85 Se films and Pt films, moreover, presented better catalytic activity than Co 0.85 Se films and Pt films for cobalt(II/III) redox couples.
Experimental
Preparation of Co 0.85 Se, Co 0.85 Se/Ni 0.85 Se and Pt-FTO CEs Co 0.85 Se films and Co 0.85 Se/Ni 0.85 Se nanocomposite films were prepared by an electrodeposition method, as described by Zhang et al. [41a] The deposition bath of Co 0.85 Se was a 50 mL aqueous solution containing 20 mmol/L Na 2 SeO 3 , 20 mmol/L Co(CH 3 COO) 2 and 100 mmol/L LiCl. The deposition bath of Co 0.85 Se/Ni 0.85 Se nanocomposite was a 50 mL aqueous solution containing 20 mmol/L Na 2 SeO 3 , 10 mmol/L Co(CH 3 COO) 2 , 10 mmol/L Ni(CH 3 COO) 2 and 100 mmol/L LiCl. The pH values of the solutions were controlled to 3.5 adjusted with HCl. The deposition was conducted at room temperature in a single compartment glass cell with three-electrode configuration using a CHI 660D electrochemical workstation (CH Instruments). The FTO substrate was previously cleaned with detergent and de-ionized water, followed by sonication in isopropanol for three times. A Pt foil and Ag/AgCl electrode were used as auxiliary electrode and reference electrode, respectively. The potentiostatic electrodeposition technology was used, for which the deposition potential was maintained at −0.8 V versus Ag/AgCl electrode and the deposition time was 30 s. Finally, the FTO glass was washed with de-ionized water and dried in an air flow. The mirror-like Pt-FTO electrode was obtained by electrodepositing a platinum layer on the surface of fluorine-doped tin oxide substrate. The thickness of Pt films is about 75 nm. 3 ]-(PF 6 ) 3 , 0.2 mol/L 4-tert-butylpyridine (TBP) and 0.1 mol/L LiTFSI in acetonitrile. The cobalt redox couple was synthesized by the literature method. [43] The DSSC for iodide redox couple was assembled with the N719 dye adsorbed TiO 2 photoanode and counter electrodes sandwiching the iodide redox couple electrolyte and sealed by insulating tape. Meanwhile, the DSSC for cobalt complex redox couple was assembled with the Z907 dye adsorbed TiO 2 photoanode and counter electrodes sandwiching the cobalt complex redox couple electrolyte and sealed by insulating tape.
Fabrication of DSSC devices

Characterizations
Scanning electron microscope (SEM) images were acquired using a Hitachi S-4800 field emission electron microscope. Scanning transmission electron microscope (STEM) and energy dispersive X-ray spectroscopy (EDS) were obtained from Tecnai F20. X-ray diffraction (XRD) patterns were recorded with a Bruker-AXS Microdiffractometer (D8 ADVANCE) using Cu Kα radiation (λ＝1.5406 Å) from 5° to 95°. Cyclic voltammetry (CV) was carried out in a three-electrode system in an acetonitrile solution of 0.1 mol/L LiClO 4 , 10 mmol/L LiI, and 1 mmol/L I 2 . Platinum served as a counter electrode and the nonaqueous Ag/Ag ＋ couple was used as a reference electrode. The photocurrent-voltage characteristics of the DSSCs were measured with a Newport (USA) solar simulator (300 W Xe source) and a Keithley 2420 source meter. Electrochemical impedance spectroscopy (EIS) measurements were performed using a Zahner Ennium electrochemical workstation by applying an AC voltage of 10 mV amplitude in the frequency range between 100 kHz and 100 mHz at room temperature.
Results and Discussion
Characterization of the as-synthesized metal selenides films
Typical SEM images of as-synthesized cobalt selenide and cobalt selenide/nickel selenide nanocomposite are shown in Figure 1 . It can be seen that the electrodeposited metal selenide possessed a high uniformity. As shown in Figure 1 (a), cobalt selenide film had a honeycomb-like structure formed by sheets intersected together which was consistent to the recent report. [41a] When nickel was introduced, as shown in Figure 1 In the present study, we first investigated electrocatalytic activity of Co 0.85 Se/Ni 0.85 Se nanocomposite films for iodide/triiodide redox couple by cyclic voltammetry (CV) (Figure 3 ). The CV curves of Co 0.85 Se and Pt counter electrodes are also presented for a fair comparison. The cyclic voltammetry (CV) results demonstrated that all of the materials showed two redox peaks, which suggested that all of these materials possessed good catalytic performance for iodide/triiodide redox couples. The relative negative pair is assigned to the redox reaction (Eq. 1) and the positive pair is ascribed to redox reaction (Eq. 2). [44] 3 I 2e 3I
The peak currents and cathodic peak potentials are two important parameters for evaluating catalytic activities of different CEs. [45] The relative negative redox peaks show a direct effect on the performance of DSSCs. Therefore, we focused on investigation about peak current density and cathodic peak potentials of the relative negative redox peaks. Co 0.85 Se and Co 0.85 Se/Ni 0.85 Se had similar cathodic peak potentials which were slightly positive than that of Pt-FTO, indicating a lower overpotential for reduction of I /I − catalytic performance than that of Pt-FTO. Co 0.85 Se/Ni 0.85 Se presented similar cathodic peak potentials but slightly smaller cathodic current density than that of Co 0.85 Se, demonstrating Co 0.85 Se/Ni 0.85 Se nanocomposites film possessed fair electrocatalytic activity with Co 0.85 Se for iodide/triiodide redox couples. Compared with the Pt CE, these two metal selenides CEs exhibited more positive cathodic peak potentials and larger cathodic peak current density. Thus, in terms of I 3 − /I − redox reaction, it can be concluded that both the electrocatalytic activity and the reversibility of the metal selenide CEs are better than the conventional Pt CE.
To further investigate the charge transfer process and evaluate the catalytic activities of various CEs in the reduction of I 3 − , electrochemical impedance spectra (EIS) of the samples were measured using symmetric cells fabricated with two identical electrodes. Nyquist plots of symmetric cells with different electrodes are illustrated in Figure 4 , in which two semicircles are observed in the high and low frequency regions. According to electrochemical process for reduction of iodide, the semicircle in the high frequency region corresponds to the charge transfer resistance of counter electrode/ redox (I 3 − /I − ) interface (R ct ) and the capacitance of the counter electrode/electrolyte interface. The low-frequence semicircle is attributed to the Nernst diffusion impedance of the I 3 − /I − redox species within a thin layer in the electrolyte. [46] The high-frequency intercept on the real axis represents the series resistance (R s ), including the sheet resistance of two identical electrodes and the electrolytic resistance. The equivalent circuit used is given in Figure S2 and the simulated data from the EIS spectra are summarized in Table 1 . The R s value of Co 0.85 Se/Ni 0.85 Se composite film electrodes was lower than that of Co 0.85 Se. This demonstrated Ni 0.85 Se had the robust bonding with FTO than Co 0.85 Se, which is consistent with the previous report. [40] The simulated charge transfer resistances of Co 0.85 Se, Co 0.85 Se/Ni 0.85 Se and Pt-FTO counter electrode are 0.93 1.55, and 1.14 Ω•cm 2 , respectively. The smaller R ct for Co 0.85 Se and Co 0.85 Se/Ni 0.85 Se implied that they had better catalytic activities on the reduction of triiodide and comparable to the expensive Pt as the CE in DSSCs. However, Co 0.85 Se/Ni 0.85 Se is slightly inferior to Co 0.85 Se for catalyzing the reduction of I 3 − due to inferior catalytic activity of Ni 0.85 Se compared with Pt and Co 0.85 Se, which is consistent with the previous report. [40] The conclusions for the catalytic activity derived from the EIS are consistent with CV data. The photocurrent density-voltage (J-V) characteristic curves of the DSSCs fabricated with different counter electrodes in I 3 − /I − electrolyte measured under the illumination of 1 sun (100 mW•cm −2 ) are shown in Figure 5 . The photovoltaic parameters of these devices, including the short-circuit current (J sc ), the open-circuit voltage (V oc ), the fill factor (FF), and the energy conversion efficiency (η), are summarized in Table 2 . The DSSCs based Co 0.85 Se, Co 0.85 Se/Ni 0.85 Se and Pt CEs yield PEC of 8.45% (V oc ＝772 mV, J sc ＝16.27 mA/cm 2 , FF＝ 67.27%), 8.12% (V oc ＝777 mV, J sc ＝15.66 mA/cm 2 , FF ＝66.66%), and 8.03% (V oc ＝797 mV, J sc ＝15.65 mA/cm 2 , FF＝64.38%), respectively. It is obvious that Co 0.85 Se and Co 0.85 Se/Ni 0.85 Se-based DSSCs showed slightly larger photocurrent density and fill factor than that of conventional Pt CEs. The slightly improvement can be mainly ascribed to a more efficient electrochemical catalytic activity of metal selenides. Co 0.85 Se/Ni 0.85 Se-based DSSCs produced a slightly lower PCE than that of Co 0.85 Se CE which is in good accordance with the CV and EIS. The results of CV, To date, the highest energy conversion efficiency (12.3%) has been obtained through the development of DSSCs based on electrolyte containing Co(II)/Co(III) redox couple. It is highly imperative to explore low cost, highly efficient catalyst for the reduction of Co(III). However, the volume of cobalt complexes is larger which limited the charge transfer rate and mass transport of the cobalt redox couple in the electrolyte. Therefore, it is necessary to rationally design nanostructured catalyst which delivers the Co(III) complex accessible to catalytic active sites.
In this paper, Co 0.85 Se/Ni 0.85 Se, Co 0.85 Se and Pt were used for reduction of Co(III). The photocurrent density-voltage (J-V) characteristic curves of the DSSCs fabricated with different counter electrodes in Co(II/III) electrolyte measured under the illumination of 1 sun (100 mW•cm −2 ) are shown in Figure 6 . The photovoltaic parameters of these devices, including the short-circuit current (J sc ), the open-circuit voltage (V oc ), the fill factor (FF), and the energy conversion efficiency (η), are summarized in Co 0.85 Se, which is different from reduction for the iodide/triiodide electrolyte. As we know, electrochemical impedance spectroscopy (EIS) is an important method to study the reaction mechanism. Figure 7 shows the Nyquist plots of various CEs and Table 1 shows the impedance parameters of various CEs for cobalt complex redox couple. The R s in cobalt(II/III) redox electrolyte showed the same discipline with that of I 3 − /I − redox electrolyte for Co 0.85 Se, Co 0.85 Se/Ni 0.85 Se and Pt-FTO electrodes. The R ct of Co 0.85 Se/Ni 0.85 Se was merely 7.39 Ω•cm 2 , much smaller than that of Co 0.85 Se (31.92 Ω•cm 2 ) and that of Pt-FTO (76.46 Ω•cm 2 ), suggesting a better electrocatalytic activity for the cobalt(II/III) redox couples in the Co 0.85 Se/Ni 0.85 Se CEs. The regularities of three kinds of CEs are different between I 3 − /I − electrolyte and Co(II/III) electrolyte. To investigate the mechanism of improved catalytic activty for Co(II/III) redox couple, nickel selenide was synthesized at the same condition with that of Co 0.85 Se/Ni 0.85 Se. However, it is unfortunate that Ni 3 Se 2 rather than Ni 0.85 Se was obtained. The DSSCs using Ni 3 Se 2 CEs for cobalt complex electrolyte showed PCEs of 0.2%. The R ct of Ni 3 Se 2 was very large and up to 300.03 Ω•cm 2 . These results demonstrated the number of effective catalytic active sites for catalyst which possesses a low porosity and pore diameter may become less due to pore diameter limitation for cobalt redox couples. Therefore, we speculated that better catalytic activity of Co 0.85 Se/Ni 0.85 Se for Co(II/III) redox couple may be attributed to synergistic effect and the unique morphology of nanoparticles embeded with 2D nanoflakes of Co 0.85 Se/Ni 0.85 Se, which supplied more catalytic activity for larger volume cobalt(II/III) redox couples than Co 0.85 Se nanosheets and Pt nanoparticles.
Conclusions
In summary, Co 0.85 Se/Ni 0.85 Se nanocomposite films were electrochemically deposited on FTO glass at ambient temperature and used as CE catalysts in DSSCs for reduction of triiodide and Co(III). Co 0.85 Se/Ni 0.85 Se nanocomposite counter electrode displayed comparable photovoltaic performance compared with a conventional Pt counter electrode and Co 0.85 Se counter electrode in I 3 − /I − electrolyte. Moreover, it manifested better photovoltaic performance than Pt counter electrode and Co 0.85 Se counter electrode in Co(II)/Co(III) electrolyte. We believe that the current work paves the way for the design of nanostructured electro-catalyst for the reduction of larger volume Co(III) in DSSCs electrolyte.
